Background and purpose of the study: The use of decellularised biological heart valves in the replacement of damaged heart valves offers a promising solution to reduce the degradation issues associated with existing cryopreserved allografts. The purpose of this study was to assess the effect of low concentration sodium dodecyl sulphate decellularisation on the in vitro biomechanical and hydrodynamic properties of cryopreserved human aortic and pulmonary roots. Method: The biomechanical and hydrodynamic properties of cryopreserved decellularised human aortic and pulmonary roots were fully characterised and compared to cellular human aortic and pulmonary roots in an unpaired study. Following review of these results, a further study was performed to investigate the influence of a specific processing step during the decellularisation protocol ('scraping') in a paired comparison, and to improve the method of the closed valve competency test by incorporating a more physiological boundary condition. Results: The majority of the biomechanical and hydrodynamic characteristics of the decellularised aortic and pulmonary roots were similar compared to their cellular counterparts. However, several differences were noted, particularly in the functional biomechanical parameters of the pulmonary roots. However, in the subsequent paired comparison of pulmonary roots with and without decellularisation, and when a more appropriate physiological test model was used, the functional biomechanical parameters for the decellularised pulmonary roots were similar to the cellular roots. Conclusion: Overall, the results demonstrated that the decellularised roots would be a potential choice for clinical application in heart valve replacement.
Introduction
For several decades, severely damaged heart valves have been treated by replacement valve surgery (Maganti et al., 2010) . Although current mechanical and biological heart valve replacements improve patient survival and quality of life, problems such as thrombosis, infection and limited durability still occur and none of the current conventional valve replacements has the capacity to grow in young patients (Alpert and Dalen, 1987; Roudaut et al., 2007; Kidane et al., 2009 ). For young patients under the age of 18 years with severe aortic heart valve disease, the Ross procedure using a pulmonary autograft is the preferred replacement valve substitute (Alsoufi et al., 2009) . A cryopreserved pulmonary allograft is then implanted in the right ventricular outflow tract (RVOT), although these have limitations including variability in their durability. Failure typically occurs due to calcification of the valve, driven by chronic inflammation and immune rejection resulting in valvular stenosis or insufficiency (Hawkins et al., 2000; Shaddy and Hawkins, 2002; Wells et al., 2002) . The immune response is thought to be provoked by the presence of antigenic cells within the implanted tissue (Dignan et al., 2003; Ryan et al., 2006) . Therefore, efficient decellularisation to remove the cells should reduce the host response to heart valve allografts. Previous clinical studies of decellularised human heart valves have shown favourable initial in vivo results (Elkins et al., 2001; Cebotari et al., 2006; da Costa et al., 2010; Dohmen, 2012) .
During each cardiac cycle, cellular human heart valves are continuously subjected to mechanical and fluid induced stresses (Sacks and Yoganathan, 2007) . Therefore, replacement heart valves should have enough strength to continuously withstand pressure and flow rates comparable to those they will experience in the human body.
Decellularisation is the process of removing all the cellular components from biological tissue, leaving the extracellular matrix (ECM) intact, which can then potentially be reseeded with new progenitor cells or composites (Sacks et al., 2009a) . Numerous types of detergents and biological agents have been used for decellularisation with varying concentrations, including SDS Luo et al., 2014) , trypsin (Liao et al., 2008) , EDTA (Liao et al., 2008; Paniagua Gutierrez et al., 2015) , Triton X-100 (Liao et al., 2008) (Jordan et al., 2012) and hypertonic solutions (Jordan et al., 2012) . It has previously been reported that decellularisation treatment can introduce changes in the tissue structure, which may influence the mechanical properties of the tissue Spina et al., 2003; Gilbert et al., 2006) . Therefore, to determine whether decellularised valves are suitable for clinical use, it is important to thoroughly assess functional performance including both the mechanical properties of the decellularised tissue and investigation of the performance of the decellularised valve under physiological flow conditions. Various test methods have been used to assess both the mechanical properties of valve tissue such as flexural (Engelmayr et al., 2005; Sacks et al., 2009b) , local indentation (Cox et al., 2006) , biaxial tensile (Sacks et al., 2009b; Billiar and Sacks, 2000; Fisher et al., 1986) , uniaxial tensile (Luo et al., 2014; Korossis et al., 2002; Anssari-Benam et al., 2011) , suture pull-out (Edwards et al., 2005; Walraevens et al., 2008) , and dilation (Jennings et al., 2002; Korossis et al., 2005) as well as hydrodynamic performance of the valves under physiological flow conditions (Fisher et al., 1986; Jennings et al., 2002; Syedain et al., 2013; Reimer et al., 2015) .
A number of studies have investigated the effects of decellularisation on in vitro biomechanical and hydrodynamic properties of xenogeneic heart valves (Luo et al., 2014; Korossis et al., 2002; SchenkeLayland et al., 2003; Lichtenberg et al., 2006; Tudorache et al., 2007) . The results from these studies are varied due to differences in the species, decellularisation protocol, test conditions and testing methodologies. However, there has been only one study (Elkins et al., 2001 ) which compared in vitro hydrodynamic and biomechanical properties of cellular and decellularised human pulmonary heart valves to determine the effect of decellularisation on the properties of the tissue. In this study, the roots were tested under pulsatile flow conditions and mechanically using uniaxial tensile and suture retention test protocols. No differences in biomechanical and hydrodynamic properties were detected between the cellular and decellularised roots. However, the lack of information on the test conditions used in the biomechanical tests and limited quantitative results presented (Elkins et al., 2001) limit critical analysis of this study.
A limited number of studies (Courtman et al., 1994; Rieder et al., 2004) have used a high concentration of SDS for complete decellularisation of tissue. These studies have indicated that high concentration SDS decellularisation may induce changes in the mechanical properties of the tissue, as SDS can alter protein-protein interactions by opening the molecular structure of elastin and disturbing the bonding of collagen. Whereas, low concentration SDS based decellularisation treatment has shown favourable results for porcine aortic and pulmonary valves (Luo et al., 2014; Wilcox et al., 2005) . Therefore, it was hypothesised that the low concentration SDS based treatment would minimally affect or maintain biomechanical and hydrodynamic properties of the human valves.
With the long term aim of improving the clinical durability of cryopreserved allografts supplied to surgeons for use in patients in the UK, we have developed robust decellularisation processes for human donor aortic and pulmonary heart valves, based on the use of low concentration sodium dodecyl sulphate (SDS). A fully comprehensive description of the process and biological characteristics of the decellularised roots has been reported previously (Vafaee et al., 2016) . The aim of this part of the study was to investigate the influence of decellularisation on the hydrodynamic performance and biomechanical properties of the low concentration SDS decellularised human aortic and pulmonary roots.
To the best of the authors' knowledge, this is the first full report comparing in vitro biomechanical and hydrodynamic properties of decellularised cryopreserved aortic and pulmonary human allografts with conventionally used cryopreserved aortic and pulmonary human allografts. Tissue & Eye Services (NHS BT TES) , Speke, Liverpool, UK, supplied the human donor aortic and pulmonary roots used in this study. Ethical approval was obtained from the Yorkshire and the Humber committee -Leeds West, UK under the REC reference 09/H1307/82. Both the cellular and decellularised roots were cryopreserved using the standard NHS BT TES process and stored at −80°C prior to use. The day before testing, the roots were thawed and stored at 4°C in Cambridge antibiotic solution (Source BioScience; 80 rpm).
Materials and methods

NHS Blood & Transplant
Study experimental design
This study was conducted in two phases (Fig. 1) . In Phase I, the effect of decellularisation on the biomechanical and hydrodynamic properties of human aortic and pulmonary roots was investigated by comparison to cellular valve allografts (unpaired controls). The decellularised tissue was prepared as reported by Vafaee et al. which included the removal of excess fat and connective tissue, and scraping of the adventitial layer of the valve root using a scalpel blade (referred to throughout as 'scraping'), to allow diffusion of decellularisation solutions to achieve complete decellularisation (Vafaee et al., 2016) . During this phase, there was a concern that the scraping process to disrupt the outer layer of the adventitia may have compromised the structure of the vessel. This layer has an important role in the structural support of the vessel wall in preventing overstretching (Lu et al., 2004; Laflamme et al., 2006) . Damage to the adventitial layer may adversely affect the biomechanical properties of the vessel. Moreover, when removed from the heart the pulmonary root is hardly supported by the thin right ventricle myocardium, whereas the aortic root is supported by the bulging thick left ventricle myocardium. Therefore, a second phase (Phase II) was introduced following a review of the Phase I results, using only pulmonary roots. The cellular roots were biomechanically tested to determine baseline values for their mechanical properties. The roots were then decellularised by one of two protocols (with and without scraping) and the influence of the two decellularisation processing techniques on the mechanical properties of the tissue was determined. Phase II of the study also investigated whether the competency test procedure used in Phase I was sufficient to allow basic replication of the physiological model by preserving crucial boundary conditions. Consequently, an additional boundary condition was introduced, by addition of an annulus support in the valve competency test during Phase II of the study. A repeated measure design was adopted in Phase II, in which multiple tests were performed on the same root before and after decellularisation. Therefore, each valve root served as its own control increasing the statistical power of the study design.
Phase I
Eight aortic roots from six male and two female human donors with mean age of 57 years (range 27-75 years) and eight pulmonary roots from six male and two female human donors with mean age of 68 years (range 44-84 years) were used in Phase I of the study. Four aortic roots (mean diameter 21.3 ± 2.7 mm) and four pulmonary roots (mean diameter 24.3 ± 2.4 mm) were used as the cellular tissue controls. Four aortic (mean diameter 23.3 ± 2.7 mm) and four pulmonary roots (mean diameter 24.8 ± 3.0 mm) were decellularised as previously described by Vafaee et al. Vafaee et al. (2016) . Each root underwent sequential in vitro hydrodynamic and biomechanical test protocols carried out over two consecutive days [ Fig. 1(a) ].
Phase II
To investigate the influence of the scraping step on the mechanical properties of the roots, first, functional mechanical tests were carried out on all the cellular roots, the samples were then divided into two groups with each group assigned one of two decellularisation processing protocols either with or without the scraping step [ Fig. 1(b Competency tests were performed in order to assess valve closure under a physiological static pressure range. The valve competency was measured in terms of leakage flow rate for the valve under static back pressure. The leakage flow rate was obtained by placing the valve in closed position under a column of 0.9% (w/v) saline to apply back pressure, the leakage across the closed valve was measured over time and expressed as ml/s for each root. The maximum static back pressure for aortic and pulmonary roots was 120 and 60 mmHg respectively and the time taken for the pressure of the test fluid to drop to 80 mmHg (for aortic roots) and 20 mmHg (for pulmonary roots) was recorded. When the maximum static back pressure was applied, the diameter of the root was measured 4-5 mm above the sinotubular junction using a Vernier calliper. The root was classified as competent if the pressure head had not dropped to its respective lower pressure limit within a cut-off period of 20 min (or leakage rate ≤ 1.28 ml/s) for pulmonary and 30 min (or leakage rate ≤ 0.85 ml/s) for aortic roots.
Hydrodynamic performance II: pulsatile flow testing
All roots were function tested in an upgraded Leeds pulsatile flow simulator (Fisher et al., 1986; Jennings et al., 2001) to evaluate the hydrodynamic performance of the valve roots. A viscoelastic impedance adapter (VIA; Vivitro System Inc., Victoria BC, Canada) was used to deliver a more physiological ventricle pressure and flow waveform in the simulator. This system allowed for physiological pressure and flow waveforms as well as recording of high speed videos of leaflet motion. The system is described in detail by Jennings et al. (2001) . At minimum VIA compliance, the simulator was adjusted for heart rates 60, 72 and 80 bpm with corresponding stroke volumes 60, 70 and 80 ml for optimum cardiac output. The systemic pressure was held between 120 and 80 mmHg for aortic roots and 45-15 mmHg for pulmonary roots. Each test was repeated with the VIA adjusted to its maximum compliance setting to produce relevant physiological pressure and flow characteristics (Jennings et al., 2001 ) and the test parameters adjusted accordingly. To characterise the performance of the roots, the leaflet dynamics, transvalvular pressure gradient (ΔP) during forward flow, the root mean square (RMS) forward flow (Q RMS ), and effective orifice area (EOA) were evaluated. The EOA was calculated using the formula EOA=Q RMS (ml/s)/51.6√ΔP (mmHg) (Gabbay et al., 1978) . All flow and pressure sensor positioning, data acquisition and analysis were in accordance with ISO 5840 and tests were performed using physiological 0.9% (w/v) saline. In total, 16 root specimens were tested. A mechanical control valve was also tested and compared with previous results to verify the performance of the pulsatile flow rig prior to testing of the roots.
The results are expressed as transvalvular pressure gradient versus RMS forward flow and EOA. The leaflet dynamics were assessed using an AOS Technologies S-PRI high speed camera recording at a rate of 500 frames per second during a complete cardiac cycle under pulsatile conditions, when the heart rate was 72 bpm. Regurgitant volumes could be obtained from pulsatile flow testing, however these were considered unreliable due to artefactual flow oscillations in the root during diastole and so were not included in the results.
Biomechanical performance I: expansion characteristics (dilation testing)
The circumferential expansion of each root was determined in terms of percentage dilation using a dilation test procedure. This test procedure was adapted from previous studies (Jennings et al., 2002; Korossis et al., 2005 ). An internal static pressure was applied in increments of at least 5 mmHg from 0 to 35 mmHg to each pulmonary root and 0-120 mmHg to each aortic root, or until the root could no longer sustain the applied pressure. An image of each root at each pressure increment was captured using a Canon digital SLR 550 D camera and analysed using ImageJ (Schneider et al., 2012) . At each pressure increment, the mean percentage change in external diameter of the valve root was calculated. The results are presented as percentage change in diameter of the root as a function of increasing pressure. During the test procedure, the height of test fluid at the start of testing was different for each root, which added extra static pressure in each pressure measurement. To calculate the actual applied pressure, the height of the column of fluid was measured, converted to a pressure (mmHg) and added to all the measured pressure values. This resulted in discrete final pressure values for all the valves. The mean percentage dilation is presented at 20 mmHg for pulmonary and 40 mmHg for aortic roots.
It was not possible to perform dilation tests on one decellularised aortic and one decellularised pulmonary root as they leaked faster than the pressure could be applied.
Biomechanical performance II: material properties (uniaxial tensile testing and suture pull-out testing)
Two different biomechanical assessment methods were performed to determine the effect of decellularisation treatment on the material properties of the root tissues, uniaxial tensile testing and suture pull-out testing.
For the uniaxial tensile tests, tissue specimens were prepared with 10 mm gauge length and 5 mm width from each root wall in the axial and circumferential directions, and from the valve leaflets in the circumferential direction. Due to size limitations, the radial specimens from valve leaflets were 3 mm in width with a 6 mm gauge length. Tensile tests were performed using an Instron 3365 materials testing machine (Instron, Bucks, UK) fitted with a 50 N load cell. A strain rate of 10 mm/min was used, similar to that previously reported in studies of human thoracic aorta (Duprey et al., 2010) , mitral valve tissue (Kunzelman and Cochran, 1992) and porcine pulmonary valve tissue (Luo et al., 2014) . The samples were hydrated using phosphate buffered saline solution (PBS; MP Biomedicals, LLC) maintained at 37°C. The test specimens were gripped using bespoke light weight titanium grips, to eliminate tissue slippage or premature failure. Each tissue specimen thickness was measured with a digital thickness gauge J-40 V to a resolution of 0.01 mm.
The output load-extension curve was converted into a stress-strain curve from which the ultimate tensile stress (UTS), failure strain and slopes for the elastin and collagen phases were determined as previously described by Hasan et al. Hasan et al. (2014) .
For suture pull out testing, the wall and myocardial specimens were cut from each root into rectangular specimens of 20 mm length and 15 mm width. At 4 mm from the short edge of the rectangular section, a 4-0 non-absorbable monofilament suture Premilene ® , (Karck and Haverich, 2005; Park et al., 2012) was inserted and tied to form a loop.
The sample was set up in an Instron 3365 materials testing machine (Instron, Bucks, UK) with a 50 N load cell. The tissue was clamped using one end of the previously described grips, the other end of the grips was used to clamp the looped suture. Using a strain rate of 10 mm/min, tension was applied to the suture until it was pulled out of the specimen. The peak load was recorded as the maximum suture pull-out force.
Due to the quality and variability between cellular human aortic valves, it was difficult to prepare adequate samples, especially from leaflets. Therefore, four additional cellular aortic valve roots were used for tensile and suture pull-out testing; a total of eight cellular aortic and four decellularised aortic roots. However, one decellularised and two cellular aortic circumferential leaflet specimens were excluded from the analysis because the initial linear region of the stress -strain curve to derive elastin phase modulus, was not distinct. Hence, six cellular and three decellularised samples were used for the mean elastin phase slope calculation.
Test methods used in phase II
In addition to the methods described in Phase I, to more fully assess the effect of the decellularisation processing method on the valve roots, it was considered necessary to carry out further functional biomechanical assessments and dimensional measurements.
Dimension measurement
To determine whether any physical dimensional changes of the pulmonary roots occurred after wall scraping or decellularisation treatment, the dimensions of each root were measured by taking an image of the root with a Canon digital SLR 550 D camera, which was then quantified with the imaging software (Image Pro Plus) with an accuracy of ± 5%. Each root was measured as a control and then remeasured after each process or treatment whilst maintaining the same conditions as the control. The change in size was calculated by comparing the specimen dimension after scraping and after the decellularisation treatment to the original dimension of the corresponding root.
Functional biomechanical assessment (competency under static back pressure and dilation)
Following dimension measurement, the competency of each root under static back pressure was determined adopting the same method used in Phase I (Section 2.2.1). A modification was made to the Phase I competency test method to set a more physiological boundary condition, by supporting the annulus of the valve with an annulus ring (Fig. 2) . The expansion characteristics of the valve were determined in terms of percentage dilation for each root, using the same parameters as those applied in Phase I (Section 2.2.3). The mean percentage dilation was determined at 20 mmHg for all pulmonary roots.
It was not possible to perform a dilation test on one of the cellular pulmonary roots as it leaked faster than the pressure could be applied. Also, the age of one donor was an outlier hence dilation data for that valve was not included in the mean.
Statistics
For all the hydrodynamic performance and biomechanical characterisation tests used in Phase I, statistical significance between the cellular and decellularised aortic roots, and between the cellular and decellularised pulmonary roots, was determined using Student's t-test. In Phase II, statistical significance between all the pulmonary groups (cellular un-scraped, cellular scraped, decellularised un-scraped, decellularised scraped) was determined using one -way ANOVA. A significance level of p < 0.05 was applied. Statistical analyses were performed using SPSS for Windows (version 21.0; SPSS, Inc., USA).
The data associated with this paper are openly available from the University of Leeds Data Repository (Desai et al., 2017) .
Results
Phase I
4.1.1. Effect of decellularisation on human pulmonary roots
The competency of decellularised pulmonary roots was determined in terms of leakage rate and compared with the cellular roots. None of the four decellularised roots were considered fully competent as they had leakage rates higher than 1.28 ml/s. One valve root demonstrated severe regurgitation with a leakage rate of 17.25 ml/s whilst the mean leakage of the other three valve roots was 4.61 ml/s. In contrast, two of the four cellular pulmonary roots were classified as competent as they had a leakage rate less than the competency limit (≤ 1.28 ml/s); the other two roots were not competent and had a mean leakage rate of 3.68 ml/s. To better elucidate the circumferential expansion characteristics, and compare them with cellular, diameters of the cellular and decellularised pulmonary roots were measured at 60 mmHg pressure during the competency testing. At 60 mmHg static pressure, measured conduit diameters were in range of 28-37 mm for decellularised roots and 29.8-31 mm for cellular roots. The mean transvalvular pressure gradient as a function of root mean square forward flow averaged for the decellularised and cellular pulmonary root is shown in Fig. 3 . The decellularised pulmonary roots demonstrated similar hydrodynamic performance to cellular roots. The mean EOA for the decellularised pulmonary roots was also very similar to that of cellular roots (2.10 ± 0.36 cm 2 vs 2.31 ± 0.39 cm 2 respectively, p=0.5). Typical images of the decellularised and cellular pulmonary roots during a cardiac cycle with heart rate 72 bpm are shown in Fig. 4(a) . Synchronous leaflet opening was observed for all the cellular pulmonary roots, producing a circular orifice. During diastole, the leaflets moved inwards, producing nearly perfect closing configuration with minor or no visible central leakage orifice for most of the cellular roots.
Synchronous and triangular leaflet opening, followed by circular orifice was observed for most of the decellularised pulmonary roots during systole. Two decellularised pulmonary roots showed incomplete leaflet coaptation where the leaflets edges appeared to be taut, resulting in large central and at commissural region regurgitant orifices Fig. 4(b) . In contrast, the remaining two decellularised pulmonary roots appeared to be competent since only a minor central leakage orifice was observed Fig. 4(b) . In addition, in some of the pulmonary valve leaflets (cellular and decellularised), pre-existing fenestrations were observed.
When dilated, the increase in external diameter of the decellularised pulmonary roots at an internal static pressure of 20 mmHg was significantly (p=0.002) larger than the cellular roots with diameters of 12.9 ± 4.3% and 6.2 ± 2.0% respectively.
The tensile biomechanical properties of decellularised pulmonary roots compared to those of cellular roots are shown in Table 1 . The decellularised wall showed no significant (p > 0.05) variation in the biomechanical tensile properties of interest, compared to the cellular tissue when tested either axially or circumferentially. However, the decellularised leaflets showed a higher UTS in the circumferential direction, and a lower UTS in the radial direction compared to cellular leaflets (p < 0.05). The mean collagen phase slope for decellularised leaflets in the circumferential direction was approximately double that of the cellular tissue (p=0.008). Failure of both the wall and leaflet tissue occurred at or near to the centre of the gauge length.
The mean maximum force to pull a suture through wall and myocardial specimens for decellularised pulmonary roots was 3.18 ± 1.04 and 2.14 ± 0.56 N, respectively and not significantly different (ANOVA, p > 0.05) than cellular specimens (3.37 ± 2.84 N and 1.97 ± 1.02 N for wall and myocardium respectively). All the specimens failed by rupture of tissue in the circumferential direction perpendicular to the direction of the testing.
Effect of decellularisation on human aortic roots
All four decellularised aortic roots were not considered competent (having a leakage rate of > 0.85 ml/s); however the mean leakage rate for three of four decellularised aortic roots was below 10 ml/s. Three of four cellular aortic roots had a leakage rate less than or equal to 0.85 ml/s, with the remaining one having a leakage rate of 1.78 ml/s. At 120 mmHg static pressure, the diameters for decellularised roots were in the 28-42 mm range and; for cellular roots, the root diameters were between the 28-34 mm range. Moreover, for the decellularised aortic root with the poorest performance, the leakage rate was greater than 18 ml/s with a conduit diameter of 42 mm.
The transvalvular pressure gradients across the decellularised aortic roots were similar to the cellular roots (Fig. 5 ) and the mean EOA for 
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the decellularised roots was not significantly different from cellular roots (1.55 ± 0.54 cm 2 and 1.29 ± 0.39 cm 2 for decellularised and cellular roots respectively; p=0.26).
Images from the high -speed video recording of leaflet kinematics for the cellular and decellularised aortic roots are shown in Fig. 6 . During the opening phase, two of the four cellular aortic roots had a triangular orifice, which then changed to a circular orifice when the valve reached its fully open position. However, for two of the cellular aortic roots, partial leaflet opening was observed. The fully closed leaflet configuration was excellent for two of the cellular aortic roots with no visible central leakage orifice and a minor central leakage orifice was observed in the two remaining cellular roots.
For most of the decellularised aortic roots, the leaflets opened fully or near-fully, producing circular or near-circular orifices. However, for one of the decellularised aortic roots, the leaflets did not fully open resulting in a restricted triangular orifice. All the decellularised aortic roots appeared competent since a central leakage orifice was negligible or not observed during closed phase.
The expansion characteristics of decellularised aortic roots were similar to cellular roots at an internal pressure of 40 mmHg. The Fig. 4. Leaflet kinematics [(a) fully open (b) fully closed] of cellular and decellularised pulmonary roots at heart rate 72 bpm.
Table 1
Biomechanical parameters (collagen phase slope E c, elastin phase slope E e , ultimate tensile stress σ UTS, failure strain ɛ failure ) based on the engineering stress versus engineering strain behaviour of cellular and decellularised pulmonary wall (axial (A) and circumferential (C) directions) and leaflet specimens (radial (R) and circumferential (C) directions). Data are expressed as the mean (n=4) ± 95% confidence limits.
* -Statistically significance difference (p < 0.05) for decellularised versus cellular pulmonary roots. external wall diameters of the decellularised and cellular aortic roots dilated by 12.6 ± 2.6% and 15.4 ± 5.4% respectively, which were not significantly different (p=0.23).
The biomechanical parameters, obtained from uniaxial tensile testing of wall and leaflets for the decellularised and cellular aortic roots, are listed in Table 2 . A comparison between the decellularised and cellular aortic roots revealed no significant difference between the wall parameters in both the axial and circumferential directions (p > 0.05). A significant increase in the elastin phase modulus in the circumferential direction and collagen phase in the radial direction was observed in the decellularised aortic leaflet specimens in comparison to the cellular leaflet specimens (p < 0.001). In addition, decellularised aortic leaflet specimens demonstrated greater UTS in the radial and circumferential directions than cellular leaflet specimens (p < 0.05).
Following suture pull-out testing of the cellular and decellularised aortic specimens, the wall and myocardial decellularised specimens had suture retention strength values of 6.63 ± 1.90 N and 6.12 ± 7.83 N respectively, which were not significantly different from the corresponding cellular wall and myocardial values of 6.87 ± 3.26 N and 5.71 ± 1.07 N respectively (p > 0.05).
Phase II
Effect of decellularisation treatment and processing (scraping) on geometry of human pulmonary roots
The dimensions of the pulmonary roots were measured before and after scraping, and after the decellularisation treatment. The changes in dimensions were calculated and compared. There was no clear effect of the scraping procedure or decellularisation treatment on the dimensions of the pulmonary roots.
Effect of decellularisation treatment and processing (scraping) on the valve competency and dilation properties of the human pulmonary roots
To access the competency with a more appropriate physiological boundary condition, each pulmonary root (n=8) was tested without and with an annulus support ring under static back pressure. Seven of Fig. 6. Leaflet kinematics [(a) fully open (b) fully closed] of cellular and decellularised aortic roots at heart rate 72 bpm.
Table 2
Biomechanical parameters (collagen phase slope E c, elastin phase slope E e , ultimate tensile stress σ UTS, failure strain ɛ failure ) based on the engineering stress versus engineering strain behaviour of cellular and decellularised aortic wall (axial (A) and circumferential (C) directions) and leaflet specimens (radial (R) and circumferential (C) directions). Data are expressed as the mean ± 95% confidence limits. n=8 for cellular and n=4 for decellularised for all data, except for elastin phase in the circumferential direction where n=6 for cellular and n=3 for decellularised.
* -Statically significant difference (p < 0.05) for decellularised versus cellular roots.
the eight cellular pulmonary roots had leakage rates greater than 1.28 ml/s without annulus support. After scraping and decellularisation treatment, all the pulmonary roots had a leakage rate greater than 1.28 ml/s without annulus support. With annulus support however, five out of eight cellular un-scraped and all four cellular scraped pulmonary roots were competent, with leakage rate under 1.28 ml/s. After decellularisation treatment the mean static leakage rate for these un-scraped and scraped pulmonary roots was under 2.5 ml/s when tested with annulus support with the exception of one conduit (4.4 ml/s). Experimental difficulties were experienced with one root when tested before decellularisation without annulus ring, as it leaked faster than the static pressure applied and it had the highest mean flow rate of 26.0 ml/s when the annulus was supported. However, after decellularisation, the valve root appeared competent with its leakage flow rate reduced to 1.01 ml/s. These results showed that the annulus ring helped to restore the shape and size of the valve annulus to its physiological geometry. In order to assess the effects of scraping and decellularisation on the expansion characteristics of pulmonary roots, the percentage dilation was measured for cellular un-scraped, cellular scraped, decellularised un-scraped and decellularised scraped roots. The percentage dilation was recorded at 20 mmHg pressure for all the types of valves studied and the mean values were determined Fig. 7 . The dilation characteristics of these pulmonary roots showed no significant variation.
Discussion
It was hypothesised that after decellularisation, hydrodynamic and biomechanical properties of the human pulmonary and aortic roots would be minimally affected or maintained when compared with their cellular counterparts due to the preservation of the extracellular matrix (ECM). During the decellularisation treatment, complete cell removal was demonstrated histologically and biochemically (Vafaee et al., 2016) however, it is crucial to retain the tissue function and biomechanical properties whilst completely removing all cellular components.
Effect of decellularisation on hydrodynamic and biomechanical properties of the human pulmonary roots
Clinically, it is important for any replacement heart valves to have low transvalvular pressure gradients, with minimum leakage through the closed valve and leaflets that co-apt to function properly as in the native cellular valve. For the decellularised pulmonary roots, good hydrodynamic function was observed with low transvalvular pressure gradients and EOAs comparable to cellular roots. Additionally, the leaflet kinematics observed for most of the decellularised pulmonary roots were similar to those of the cellular roots, which has implications for long-term durability.
Maintaining competency of tissue heart valves is dependent on the coordinated actions of the annulus, leaflets and associated wall collectively. Therefore, stiffening or dilation of the wall or stiffening of leaflets can hinder proper coaptation of the valve leaflets during closure and thereby promote regurgitation (Sabbah et al., 1986) . Competency testing was performed to assess the valve closure under a static back pressure. In Phase I, the competency test results for the pulmonary roots showed uncertainty with respect to reliability of the test method as most of the valves had a leakage rate > 1.28 ml/s. In the test method used, a spigot supported the wall of the root however, the thin, delicate myocardium of pulmonary roots was not supported. It was decided that the test conditions used did not provide realistic anatomical conditions, which may have contributed to the high closed valve regurgitation rate and it became apparent that a new or modified in vitro model was needed for valve competency testing. For this reason, in Phase II, the setup for valve competency testing was modified to incorporate an annulus ring in order to mimic the support provided from the heart. The new test methodology was particularly useful in testing of the pulmonary roots. Under the modified test conditions, the results showed that the majority of the decellularised pulmonary roots exceeded the set competency limit, allowing minimum back flow under physiological static back pressure.
The expansion characteristics of the pulmonary wall with respect to internal pressure is important for the geometry and function of implanted allograft valves (Lockie et al., 1993) . Following decellularisation, it is important to monitor the expansion characteristics of roots as over-expansion of the root may have damaging effects on closed valve stresses (Christie and Barratt-Boyes, 1995) . In Phase I, full understanding of the expansion characteristics of decellularised pulmonary roots could not be obtained due to lack of pre-decellularisation processing data. It was hypothesised that the scraping process may have induced disruption in the wall mechanical properties, as studies have shown that the adventitia layer provides structural support and protects vessels from overstretch (Lu et al., 2004; Laflamme et al., 2006) . Therefore Phase II of the study was introduced to investigate the influence of the scraping step in the decellularisation protocol on the biomechanical properties of the roots. The Phase II study made a paired comparison and showed that the scraping of the adventitia of the wall or decellularisation treatment had no significant effect on the expansion properties of the pulmonary roots. Although, high 95% confidence limits were observed in the dilation test results (Phase II), particularly within the scraped cellular and scraped decellularised pulmonary roots. These large confidence limits may be attributed to the small number of samples used in the calculation of the mean value.
The biomechanical tensile and suture pull out tests for the pulmonary roots showed no significant differences between cellular and decellularised wall parameters. This leads to the conclusion that the root wall maintains its natural mechanical tensile properties following decellularisation possibly due to the preservation of the elastin and collagen content of the tissue. For the leaflets however, this was not the case. The decellularised pulmonary leaflets were significantly stiffer in the collagen dominant phase and failed at significantly higher UTS than the cellular leaflets in the circumferential direction. Such changes may be due to the significant reduction of glycosaminoglycan (GAGs) and removal of cells reported by Vafaee et al. (2016) . The loss of GAGs in the decellularised leaflets, may have led to loosening of the fibrous structure, and uncrimping of the circumferentially aligned collagen fibers. This could potentially cause an earlier than normal recruitment and reorientation of the collagen fibers in the direction of applied strain during tensile testing (Williams et al., 2009) . Previous work on decellularised tissues has shown similar findings in bone tissue (Banse et al., 2002) , ligaments (Frank et al., 1995; Herbert et al., 2016) and soft tissue (Freed and Doehring, 2005) . It is expected that the leaflets of the decellularised roots will recellularise in vivo and regain their physiological tensile properties. The extensibility of decellularised pulmonary Fig. 7 . Mean percentage dilation at 20 mmHg for the pulmonary cellular un-scraped roots (n=6), cellular scraped roots (n=3), decellularised un-scraped roots (n=3), decellularised scraped roots (n=3). Data is presented as the mean ± 95% confidence limits. Data was analysed by one-way analysis of variance which revealed no significant variation in the data.
A. Desai et al. Journal of the Mechanical Behavior of Biomedical Materials 79 (2018) 53-63 leaflets was comparable to the cellular leaflets in both the radial and circumferential directions, while UTS for decellularised specimens was significantly reduced in the radial direction. Previous results on porcine pulmonary roots decellularised with a similar protocol did not show leaflet stiffening but showed wall stiffening in both the axial and circumferential directions in the initial elastin phase (Luo et al., 2014) . Nevertheless, these findings related to material properties of the decellularised pulmonary roots showed that the resultant changes due to decellularisation treatment can be highly dependent on species, tissue type and method (Gilbert et al., 2006) , which highlights the need to carry out robust pre-clinical testing of all types of decellularised tissues prior to their implantation. Several studies have reported short-term and medium-term in vivo performance of the CryoValve SynerGraft (CryoLife Inc, Kennesaw, GA) decellularised pulmonary human heart valves in comparison to standard cryopreserved allografts (Bechtel et al., 2008; Konuma et al., 2009; Burch et al., 2010; Brown et al., 2011) . Overall, 399 CryoValve SynerGraft pulmonary human heart valves were implanted in several centers for pulmonary valve replacement between 2000 and 2005 and results were favourable with respect to structural deterioration and endocarditis. da Costa et al. have demonstrated that decellularised pulmonary allografts showed excellent hemodynamic behaviour and reduction in immunogenic response compared to standard allografts in RVOT (da Costa et al., 2005) . Another recent study by da Costa reported higher reoperation-free survival with decellularised pulmonary allografts compared to conventional cryopreserved allografts for RVOT reconstruction up to 6 years of follow-up, and, in addition, pressure gradients were lower in the decellularised pulmonary allografts (da Costa et al., 2014).
Effect of decellularisation on hydrodynamic and biomechanical properties of the aortic roots
The in vitro hydrodynamic comparison of decellularised aortic roots with cellular roots showed lower mean transvalvular pressure gradients for all the tested conditions, indicating a reduced resistance against forward flow.
The wall tensile parameters of the decellularised aortic roots were similar to those of the cellular aortic roots. However, the decellularised leaflets became stiffer and significantly stronger than cellular leaflets in the circumferential direction which could be due to loosening and uncrimping of the collagen fiber network (Freed and Doehring, 2005) leading to increased stiffness of the tissue. Also, results from this study showed that the extensibility of the decellularised circumferential aortic leaflet specimens was higher than the cellular specimens. Furthermore, decellularised leaflet specimens were significantly stiffer and stronger in the radial direction. The findings from this study correlated well with a previous study which tested porcine aortic leaflets and found that after decellularisation treatment, their extensibility and failure strain significantly increased in the circumferential direction, while in the radial direction, the increase in strength was not significant . Nonetheless, consideration must be taken to allow for species-related differences when interpreting these results. Although, the strength and stiffness of the aortic leaflets was affected by the decellularisation procedure, it did not appear to negatively affect valve function. Moreover, the expansion characteristics of the decellularised aortic wall were similar to cellular aortic wall in the physiological pressure range, contributing to its positive performance.
Decellularised aortic allograft valves are already delivering promising in vivo results. Zehr and colleagues reported favourable clinical results on the use of Synergraft decellularised aortic valve allografts for aortic valve replacement (Zehr et al., 2005) . The valves have been implanted in patients with a mean age of 53 ± 14 years. Although the small number of patients and short term mean follow up (30.3 months) limits the results, Zehr et al. demonstrated no calcification in wall or leaflets with stable hemodynamic function without major complications during echocardiography. Calcification rarely occurs immediately after implantation, hence long term results are required. da Costa et al. implanted decellularised aortic allografts in 41 patients with a mean age of 34 years. The post-operative results showed stable structural integrity, low rate of calcification, and adequate hemodynamics in the short term follow-up (maximum 19 months); however, one patient underwent reoperation due to mitral valve stenosis (da Costa et al., 2010) . Tudorache et al. analysed results of 69 decellularised aortic allograft implants in children and young patients. Hemodynamic performance of these decellularised allografts was excellent up to 7.6 years of follow up. Most importantly, this study showed clinical data of decellularised aortic allograft implanted in 16 patients younger than 10 years (Tudorache et al., 2016) . The data from this younger group of patients raised concerns about supravalvular stenosis and valvular regurgitation. However, the mean short term follow up, small number of patients and complex surgical procedure in these young patients, limit the discussion of the results. Overall the results from these studies (da Costa et al., 2010; Zehr et al., 2005; Tudorache et al., 2016) are promising; even though the decellularisation protocols were slightly different to the decellularisation protocol used in this study, this can nevertheless be seen as another sign of the excellent preliminary results achieved using decellularised allografts.
Limitations
There are several limitations to this study. First, the in vitro nature of this study meant the test methodologies used were a simplification of the environmental conditions under which the decellularised roots will be placed in vivo; there was also no consideration of the effects of inflammation, cell repopulation or tissue remodelling, all of which may influence the mechanical properties and flow characteristics of the valves. Second, the relatively small sample size meant a lack of statistical power to discriminate/provide significant differences between biomechanical properties of the cellular and decellularised roots. The statistical power was also influenced by inherent biological variation and quality of the tissue.
Conclusion
In conclusion, an extensive in vitro hydrodynamic and biomechanical comparison of decellularised and cellular human aortic and pulmonary roots has been performed. Neither hydrodynamic nor expansion properties of human pulmonary and aortic roots were significantly affected by the low concentration SDS decellularisation treatment. Decellularisation, however, significantly altered some of the directional material properties of pulmonary and aortic valve leaflets. Despite these changes in leaflet material properties, the magnitude of these changes may not be large enough to influence the performance of the valves in vivo, as these decellularised human heart valves showed excellent hydrodynamic properties, compared to cellular counterparts. Findings from this study will serve as a step forward to using the low concentration SDS decellularised human allografts for clinical trials.
